Significance Statement
======================

The therapeutic utility of ketamine in depression has stimulated intense research into finding novel drugs that would mimic its beneficial effects, but be devoid of its abuse potential. In this report, effects of a negative allosteric modulator of α5 subunit-containing GABAA receptors, namely L-655-708, were studied. This receptor was targeted as it is expressed in the hippocampus, a key site of action for the antidepressant-like effect of ketamine, to a much greater extent than in other brain regions. L-655,708 produced a ketamine-like antidepressant effect but unlike ketamine it was not self-administered. This drug then, or others like it, might be a useful antidepressant but not have abuse potential.

Introduction {#s1}
============

Although promising, the use of ketamine to treat refractory depression has been limited by adverse effects, including abuse potential and psychotomimetic effects ([@CIT0017]). It has been hypothesized that, as a glutamatergic NMDA receptor antagonist, ketamine enhances glutamatergic signaling of pyramidal neurons in the hippocampus through preferential inhibition of glutamatergic excitation of GABAergic interneurons ([@CIT0027]). We recently demonstrated preclinically that a pathway from the ventral hippocampus (vHipp) to the medial prefrontal cortex is both necessary and sufficient for the sustained antidepressant-like effects of ketamine ([@CIT0006]). Thus, targeting the vHipp selectively might produce ketamine-like antidepressant effects without the off-target actions that limit the clinical utility of ketamine.

The α5-subunit of the gamma aminobutyric acid subtype A (GABA~A~) receptor is primarily expressed within the hippocampus, with significantly lower expression observed throughout cortical layers and ventral striatum ([@CIT0029]). These receptors are largely extrasynaptic and localized to the base of dendritic spines of pyramidal neurons ([@CIT0005]). Thus, α5-GABA~A~ receptors are positioned to provide an inhibitory input to glutamatergic hippocampal projection neurons ([@CIT0005]). L-655,708 is a selective negative allosteric modulator of the benzodiazepine site of α5-GABA~A~ receptor ([@CIT0025]). Recent preclinical data from Thompson and colleagues (2015) support the use of such drugs as antidepressants ([@CIT0011]). Here, we used it to test the hypothesis that the sustained antidepressant-like effects of L-655,708 are mediated by the hippocampus and produces fewer side effects than ketamine.

Methods {#s2}
=======

Experiments were carried out using adult male Sprague-Dawley rats, 300 to 350g (Harlan). Rats were group housed and maintained in a temperature-controlled environment on a 14:10 hour light-dark cycle and had access to food and water ad libitum. Experimental protocols were approved by the Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio in accordance with the guidelines of the Public Health Service, American Physiological Society, and the Society for Neuroscience.

Drugs {#s3}
-----

L-655,708 was purchased from Tocris. It is a potent, selective inverse agonist for the benzodiazepine site of GABA~A~ receptors containing the α5 subunit (K~i~ = 0.45 nM) displaying 50- to 100-fold selectivity over other subtypes of GABA~A~ receptors ([@CIT0025]). Ketamine and lidocaine were purchased from Sigma. L-655,708 was dissolved in 50% (v/v) propylene glycol and saline or 20% DMSO and saline, whereas ketamine and lidocaine were dissolved in saline. For self-administration studies, ketamine was also evaluated when dissolved in 10% propylene glycol.

Behavioral Assessment {#s4}
---------------------

### Forced Swim Test (FST) {#s5}

As described previously ([@CIT0006]), rats were placed into a Plexiglas cylinder (21 x 46 cm) filled with water (25^o^C), and behavior was digitally recorded by a video camera placed above the tank for a period of 6 minutes. Rats were tested at either 30 minutes or 1 week following a single administration of L-655,708 (3 mg/kg, i.p.). The dose was chosen based on a previous study ([@CIT0026]). A time sampling technique was utilized where the most prominent behavior (immobility, swimming or climbing) observed in each 5-second bin was recorded for the first 5 minutes of the test ([@CIT0009]). The behavioral raters were blind to the treatment.

### I.V. Self-Administration {#s6}

Rats were surgically prepared with an indwelling catheter in the left femoral vein under isoflurane anesthesia as previously described ([@CIT0007]). Ketamine self-administration was conducted in standard operant conditioning chambers (Med Associates, St. Albans, VT). Rats were allowed to acquire responding for 1 mg/kg/infusion ketamine during daily 90-minute sessions with responding reinforced according to a fixed ratio (FR) 1: timeout (TO) 5-sec schedule as described previously ([@CIT0008]). Subsequently, responding was maintained under an FR5: TO 5-second schedule. The dose of L-655,708 (0.32 mg/kg/infusion) was chosen based on its relative potency to produce antidepressant-like effects in the FST, i.e., 3-fold more potent that ketamine. The potential reinforcing effects of L-655,708 were evaluated by substitution from a ketamine baseline, with 0.32 mg/kg/infusion L-655,708 and its vehicle (50% v/v propylene glycol) evaluated over 7 consecutive days. Between substitution tests, rats were returned to baseline conditions (1 mg/kg/infusion ketamine) for at least 3 sessions and until responding stabilized (no more than 20% difference in the number of infusions earned).

### Prepulse Inhibition (PPI) of the Startle Response {#s7}

Sensorimotor gating is often evaluated using the PPI paradigm. Rats were administered L-655,708 (3mg/kg i.p.), ketamine (10mg/kg i.p.), or vehicle (50% propylene glycol in saline). These are doses that produce positive effects in the FST. Fifteen minutes following drug administration, rats were placed into an SR-LAB Startle Response System where they habituated to a background white noise (65 dB) for 5 minutes, followed by 10 startle trials where 120-dB (40 millisecond) pulses were administered at an average inter-trial interval of 15 seconds. Following habituation to the startle stimulus, the effect of 3 distinct prepulse intensities (69, 73, and 81 dB, 20 milliseconds) preceding the startle stimulus by 100 milliseconds (peak-to-peak) were examined to determine PPI.

### Elevated Plus Maze (EPM) {#s8}

The EPM test was carried out as described previously ([@CIT0003]), but without white noise in the room. Rats were administered L-655,708 (3 mg/kg i.p.) or vehicle (50% propylene glycol in saline), a dose that produced positive effects in the FST. thirty minutes following drug administration, rats were placed into the center platform, right at the junction between a closed and an open arm, and allowed to explore the EPM for 5 minutes. Measures of time spent and number of entries made in each of the arms were taken by infrared sensor beams positioned at the entry of each arm. Data were analyzed using the ANY-MAZE program.

Stereotaxic Survival Surgeries {#s9}
------------------------------

All stereotaxic survival surgical procedures were performed under general anesthesia in a semisterile environment. Briefly, male Sprague Dawley rats were pretreated with atropine (0.1 mg/kg i.p.), anesthetized with sodium pentobarbital (60 mg/kg i.p.), and placed into a stereotaxic apparatus using blunt atraumatic ear bars followed by canulae implantation.

Transient Pharmacological Inactivation of the Ventral Hippocampus with Lidocaine {#s10}
--------------------------------------------------------------------------------

As described previously ([@CIT0006]), bilateral cannulae (Plastics One: C317G(2)- C/C distance of 10.4 mm, D/V -5.5 mm below plate) were implanted 2 mm dorsal to the vHipp (A/P -5.3, M/L ±5.2) and fixed in place with dental cement and 4 anchor screws. The wound was sutured and the rats were allowed to recover for at least 1 week before behavioral experiments. On the day of L-655,708 administration, rats (n = 8/group) were transferred into the behavior facility and allowed to acclimatize for at least 1 hour prior to the administration of either lidocaine (2% w/v, 0.5 μL, Sigma-Aldrich) or Dulbecco's PBS (0.5 μL) directly into each vHipp via an injector that extended 2 mm past the end of the indwelling cannula. The intracerebral injection was immediately followed by the systemic administration of L-655,708 (3 mg/kg i.p.) or 50% propylene glycol in saline (1 mL/kg i.p.). Rats were tested in the FST 30 minutes or 7 days following injection.

Statistical Analysis {#s11}
--------------------

The FST and EPM data involving vehicle and L-655,708 were analyzed by Student's *t* test. The effect of lidocaine on the L-655,708 response was analyzed by 2-way ANOVA followed by Holm-Sidak posthoc test. PPI data were analyzed by 2-way ANOVA followed by Holm-Sidak posthoc test. For self-administration studies, a 2-way (substitution drug x day) repeated-measures ANOVA followed by a Holm-Sidak posthoc test was used to determine if the number of infusions earned during each substitution test (as well as the first session in which ketamine was replaced) differed from the number of ketamine infusions (1.0 mg/kg) maintained under baseline conditions. *P* \< .05 was considered significant. All data are presented as the mean ± SEM.

Results {#s12}
=======

Similar to ketamine ([@CIT0006]), a single systemic administration of L-655,708 produced an antidepressant-like effect in the FST that persisted for 1 week ([Figure 1B](#F1){ref-type="fig"}). No effect of L-655,708 was produced in the FST 30 minutes following drug administration ([Figure 1A](#F1){ref-type="fig"}). To evaluate if activation of the vHipp was responsible for this sustained antidepressant response, the Na^+^ channel blocker lidocaine was microinjected into the vHipp to produce a reversible inactivation of hippocampal activity lasting \~10 to 30 minutes ([@CIT0028]; [@CIT0012]; [@CIT0024]). The main effects and interaction for climbing were F (1, 31) ~L-655,708~=1.48 (*P*=.23); F (1, 31) ~lidocaine~=0.00 (*P*=.96); F (1, 31) ~L-655,708x\ lidocaine~=0.85 (*P*=.36). The main effects and interaction for swimming were F (1, 31) ~L-655,708~=12.00 (*P*=.002); F (1, 31) ~lidocaine~=8.70 (*P*=.006); F (1, 31) ~L-655,708x\ lidocaine~=2.24 (*P*=.14). The main effects and interaction for immobility were F (1, 31) ~L-655,708~=9.01 (*P*=.006); F (1, 31) ~lidocaine~=3.93 (*P*=.057); F (1, 31) ~L-655,708x\ lidocaine~=2.34 (*P*=.13). The posthoc analysis revealed that the transient inactivation of the vHipp with lidocaine, at the time of L-655,708 administration, completely prevented the decrease in immobility (t=2.48, *P*\<.05) and increase in swimming (t=3.14, *P*\<.05) observed 1 week after its administration ([Figure 1C](#F1){ref-type="fig"}).

![L-655,708 produced a sustained antidepressant-like effect that is mediated by the vHipp. Two separate cohorts of rats were injected with L-655,708 (3 mg/kg, i.p.) or vehicle (50% propylene glycol). The FST was used to detect antidepressant-like efficacy 30 minutes (A) or 1 week (B) following drug treatment. \**P* \< .05, Student's *t* test. (C) Lidocaine into the vHipp blocked antidepressant-like effects of L-655,708 at 1 week. Rats were implanted with stainless steel cannulae targeting the vHipp and administered either vehicle (aCSF) or lidocaine (2%, 5 μL) directly into the vHipp followed by the systemic administration of L-655,708 (3 mg/kg, i.p.) or vehicle. The FST was used to detect antidepressant-like effects 1 week following drug treatment. \**P*\<.05 vs vehicle-vehicle; \#*P*\<.05 vs L-655,708-vehicle, Holm-Sidak's posthoc analysis. n=8 rats/group.](pyx00301){#F1}

PPI of startle is a test of sensorimotor gating where a weak pre-stimulus inhibits the startle response to a stronger stimulus. It has been used as a putative measure of psychotomimetic effects as a wide variety of drugs that induce psychosis also disrupt PPI in both animal patient populations ([@CIT0014]). The main effects and interaction for PPI were F (1, 95) ~treatment~=6.59 (*P*=.02); F (1, 95) ~intensity~=47.24 (*P*\<.001); F (1, 95) ~treatment\ x\ intensity~=0.37 (*P*=.82). Increasing prepulse intensities significantly attenuated the startle response to a 120-dB stimulus in control rats. Consistent with its reported psychotomimetic effects, ketamine significantly disrupted PPI as evidenced by an exaggerated startle response during prepulse trials. The posthoc analysis revealed that there was a significant treatment effect of ketamine vs vehicle (t=2.06, *P*\<.05) and a significant effect between ketamine and vehicle at 73 db (t= 2.68, *P*\<.05) ([Figure 2A](#F2){ref-type="fig"}). It is important to note that an initial study failed to show an effect of ketamine in disrupting PPI in rats ([@CIT0019]). However, subsequent studies have shown that depending upon the stimulus parameters, dose, and injection-to-test interval, ketamine disrupted PPI in rats ([@CIT0020]; [@CIT0016]; [@CIT0030]). By contrast, L-655,708 did not affect PPI at a dose that produced a sustained antidepressant-like effect ([Figure 2A](#F2){ref-type="fig"}).

![L-655,708 did not produce the reinforcing or psychotomimetic effects of ketamine. (A) Prepulse inhibition (PPI) of startle response. Ketamine (10 mg/kg i.p.) induced deficits in PPI, particularly at 73 dB. L-655,708 (3 mg/kg i.p.) did not affect PPI. n=9--13 rats/group. (B) Self-administration maintained by ketamine (1 mg/kg/infusion) under a fixed ratio (FR) 5 schedule of reinforcement. Substitution of L-655,708 (0.32 mg/kg/infusion) for ketamine resulted in low levels of responding that did not differ from vehicle (50% propylene glycol). Replacing L-655,708 (or vehicle) with ketamine resulted in a rapid recovery of self-administration to presubstitution levels. \#*P*\<.05 denotes significant treatment effect of ketamine vs vehicle; \**P*\<.05 represents significant effect between ketamine and vehicle at 73 db. \^*P*\<.05 denotes a significant difference between the number of self-administered infusions of ketamine and L-655,708. +*P*\<.05 denotes a significant difference between the number of self-administered infusions of ketamine and vehicle.](pyx00302){#F2}

I.v. self-administration procedures are the gold-standard for evaluating the abuse liability of candidate medications, as it has high levels of both face and predictive validity ([@CIT0022]). Consistent with previous reports ([@CIT0008]), rats readily self-administered ketamine (1 mg/kg/infusion) under an FR5 schedule of reinforcement ([Figure 2B](#F2){ref-type="fig"}), earning on average 40.7 (±2.4) infusions per session. By contrast, there was a main effect of day F (8, 56) ~day~=215.4 (*P*\<.001), but not substitute drug F (1, 7) ~substitute\ drug~=3.06 (*P*=.12) when L-655,708 (0.32 mg/kg/infusion) or its vehicle was substituted for ketamine. Indeed, posthoc tests revealed that both L-655,708 (0.32 mg/kg/infusion) and its vehicle maintained similarly low levels of responding that were significantly lower than ketamine throughout the 7-day substitution (*P*\<.05). Importantly, high rates of responding were recovered immediately when ketamine replaced either L-655,708 or vehicle ([Figure 2B](#F2){ref-type="fig"}). Although smaller doses of ketamine and L-655,708 were evaluated in self-administration, it is important to note that the same dose ratio was used for all assays, with the dose of L-655,788 always being 3-fold smaller than the dose of ketamine (3 vs 10 mg/kg for FST and PPI, and 0.32 vs 1 mg/kg/infusion for self-administration, respectively).

In the EPM test, the open arm entries were not significantly different between vehicle-treated and L-655,708-treated rats (6.57 ± 1.08 for vehicle, n=7 and 7.25 ± 1.27 for L-655,708, n=8). In the same test, the numbers of entries amongst open and closed arms were also not significantly different among groups (16.86 ± 1.48 for vehicle, n=7 and 13.75 ± 2.06 for L-655,708, n=8).

Discussion {#s13}
==========

Here we demonstrate that activation of the hippocampus by a negative allosteric modulator of the α5- containing subtype of the GABA~A~ receptor, L-655,708, produces a sustained antidepressant-like effect comparable with that observed with ketamine. This is consistent with recent work by Thompson and colleagues ([@CIT0011]) who reported a rapid antidepressant-like effect of L-655,708 in the sucrose preference and social interaction tests following chronic restraint stress in rats. We now extend this observation by demonstrating that L-655,708 is capable of producing a rapid and sustained antidepressant-like effect without also producing the psychotomimetic and reinforcing effects that limit the clinical utility of drugs such as ketamine.

Since L-655,708 demonstrates selectivity for the benzodiazepine site of α5-GABA~A~ receptors ([@CIT0025]), which are primarily expressed in the hippocampus, L-655,708 likely produces its sustained antidepressant-like response by activating this region. Evidence for this is that inactivation of the vHipp with lidocaine at the time of L-655,708 administration prevented its sustained antidepressant-like effects, consistent with our previously published findings with ketamine ([@CIT0006]). The finding that L-655,708 produces an antidepressant-like response 1 week following its administration suggests that the inhibition of GABA~A~ receptors by L-655,708 induces plastic alterations within the vHipp and its afferent targets ([@CIT0023]); however, the precise molecular mechanisms contributing to this require further elucidation. In this respect, it is of interest that L-655,708 did not cause an antidepressant-like effect at 30 minutes, although this has been found with ketamine ([@CIT0002]; [@CIT0006]).

The capacity of a drug to maintain i.v. self-administration in animals is highly predictive of its potential for abuse by humans. We and others have demonstrated that ketamine is a highly effective reinforcer in rats ([@CIT0008]; [@CIT0015]), consistent with its misuse and abuse by humans. Unlike ketamine, which reliably maintained self-administration, L-655,708 failed to maintain responding, strongly suggesting that it would have low or no abuse liability in humans. In addition and in contrast to ketamine, L-655,708 did not alter sensorimotor gating, suggesting that it is also devoid of the psychotomimetic effects of ketamine.

In addition to regulating medial prefrontal cortex activity, the ventral subregions of the hippocampus also significantly modulate ascending dopamine neurotransmission via a polysynaptic projection whereby the vHipp excites neurons in the nucleus accumbens that in turn inhibit ventral pallidal activity. As the ventral pallidal provides tonic inhibition of VTA dopamine neurons, activation of the vHipp will increase tonic dopamine neuronal activity at the level of the nucleus accumbens ([@CIT0013]; [@CIT0018]). Because of this, it has been hypothesized that the psychotomimetic and abuse-related effects of drugs such as ketamine result from their augmentation of vHipp activity and the subsequent enhancement of dopamine transmission. However, we do not believe this to be so. Rather, we hypothesized that the psychotomimetic and reinforcing effects of ketamine are due to activation of phasic dopamine neuron activity that is independent of the vHipp ([@CIT0018]). That L-655,708 produces a sustained antidepressant-like response without abuse-related or psychotomimetic effects is consistent with this view, but needs to be addressed in future studies

Given that benzodiazepine sites on GABA~A~ receptors are localized throughout the brain, it is possible that large doses of L-655,708 could produce off-target effects, such as sedation, anxiety, or seizures, which are common to nonselective negative allosteric modulators of the benzodiazepine site ([@CIT0001]; [@CIT0001]; [@CIT0004]). It appears as though selective modulation of the α5-GABA~A~ receptor does not produce any of these adverse effects ([@CIT0001]; [@CIT0001]; [@CIT0004]), although one study suggested that L-655,708 may have some anxiogenic effects in mice ([@CIT0021]). Using the EPM test, we found no anxiogenic-like effect at a dose of L-655,708 that produces sustained AD-like effects.

Taken together, we demonstrate here that selective activation of the hippocampus by a negative allosteric modulator of the α5-GABA~A~ receptor, L-655,708, produces a sustained antidepressant-like effect comparable with that observed with ketamine without its psychotomimetic-like, abuse-related, or anxiogenic-like effects. Identification of pharmacological interventions that recapitulate the therapeutic effects of ketamine without its psychotomimetic and abuse-related effects provides a novel, safe, and effective treatment for patients suffering from refractory depression.
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